Abstract. The El Niño Southern Oscillation (ENSO) with its warm (El Niño) and cold (La Niña) phase has strong impacts on marine ecosystems off Peru. This influence extends from changes in nutrient availability to productivity and oxygen levels.
Introduction
The Eastern Tropical South Pacific (ETSP) has long been known for hosting waters with very low oxygen concentrations 20 at intermediate depths (Chavez et al., 2008; Karstensen et al., 2008) . This characteristic is a consequence of a weak oxygen supply by physical dynamics as well as a strong export and subsequent decomposition of organic matter resulting from high biological productivity along the coast (Chavez et al., 2008) . The high coastal productivity arises from wind-driven upwelling region during the 1997/1998 strong El Niño event reach and oxygenate the core waters of the OMZ, (2) if the water column oxygenation is a common pattern during El Niño events and (3) the implications of La Niña events for the OMZ dynamics.
These issues are addressed with a coupled physical-biogeochemical model that is used to simulate ocean dynamics during El Niño and La Niña events observed in the ETSP. When compared with in situ observations, the simulated dynamics show 20 a good capability of reproducing the mean state and interannual variability of both physical and biogeochemical dynamics, giving confidence in the results inferred from the model runs.
Materials and Methods

Model configuration
The physical-biogeochemical dynamics analysed in this work are the results from a high resolution coupled CROCO (Coastal 25 and Regional Ocean COmmunity model, Shchepetkin and McWilliams (2005) ) -BioEBUS (Biogeochemical model developed for the Eastern Boundary Upwelling Systems, Gutknecht et al. (2013) ) model. The CROCO model is the new version of the French ROMS_AGRIF model (Shchepetkin and McWilliams, 2005) . This model is conceived primarily to resolve the fine scale coastal processes and their interactions with large scale dynamics. It uses a generalized terrain-following vertical coordinate system, which allows a better representation of coastal processes than models with a classical geopotential vertical coordi-30 nate (Song and Haidvogel, 1994) . BioEBUS is a nitrogen-based pelagic biogeochemical model which simulates the principal plankton communities, with small (nano-picophytoplankton and microzooplankton) and large (diatoms and mesozooplankton, Gutknecht et al. (2013) ) organisms. The nutrient pools consist of nitrate, nitrite and ammonium. This model also represents the biogeochemical sinks of dissolved oxygen dynamics, namely zooplankton respiration, organic matter decomposition, ammonium oxidation to nitrite and oxidation of nitrite to nitrate, as well as oxygen production by phytoplankton. Denitrification and anammox are also included in this model. A detailed description of biogeochemical processes can be found in Gutknecht et al. (2013) .
The ETSP model domain extends from 10 and 40 vertical levels (Carton et al., 2018) . At the surface, the CROCO model is forced by heat fluxes, humidity, precipitation rates, atmospheric and surface ocean temperature from CFSR (Climate Forecast System Reanalysis) data, as well as the winds from CCMP (Cross-Calibrated Multi-Platform) product. CFSR 10 data consist of 6-hourly values of atmospheric dynamics at around 38 km spatial resolution (Saha et al., 2010) . CCMP is an ocean surface wind product at observations (Atlas et al., 1996) . Oxygen and nitrate boundary and initial conditions for BioEBUS model are obtained from monthly climatology CARS (CSIRO -Commonwealth scientific and industrial research organisation Atlas of Regional Seas)
observations (Ridgway et al., 2002) . CARS is a mean climatology at obtained by compiling the existing observations.
15
Living biomass (phytoplankton and zooplankton), nitrite and ammonium are set to 0.05 µmol.l
at the surface and decrease exponentially with depth, with depth scaling factor of 100 m. The model simulation covers the period from 1990 to 2010.
Initial condition for 1 January 1990 resulted from a 10 year spin-up run with 1990 forcing.
Model validation
Data products
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Satellite and in situ observations are used to evaluate the simulated physical and biogeochemical dynamics. The circulation patterns are compared against the satellite-derived Mean Dynamic Topography (MDT) from CNES (Centre National d'Études Spatiales) (Rio et al., 2013) and in situ measured mean alongshore velocities at 12
• S from IMARPE (Instituto del MAR del PEru, Chaigneau et al. (2013) ). Temperature fields from MODIS (MODerate Resolution Imaging Spectroradiometers, Kilpatrick et al. (2015) ) at 9 km resolution and CARS are used to evaluate the simulated sea surface and vertical structure 25 of temperature. The simulated biogeochemical dynamics are compared against (1) CARS data for regional mean oxygen distribution and (2) in situ observations taken during the German cruise M91 along the Peruvian coast in December 2012 for nutrients and oxygen vertical structure (Czeschel et al., 2015) .
Model -data comparison
The simulated fields by this model configuration capture key features of the spatial patterns and interannual variability of the 30 dynamics of this region. At the surface, the simulated current system shows similar spatial patterns as the one derived from altimetry (Rio et al. (2013) , contours in Figure 1 -a,b) . The mean surface currents include the westward surface South Equatorial Current (SEC) along the equatorial region, as well as the north-westward Peru oceanic current (POC) and Peru coastal current (PCC) further south (Figure 1-a,b) . At mid-depth, the poleward Peru-Chile UnderCurrent dominates the circulation along the Peruvian coast, in very good agreement with the in situ observations (Figure 1 -c,d, Chaigneau et al. (2013) ). The simulated sea surface temperature (SST) shows large-scale patterns similar to the MODIS observation (Kilpatrick et al., 2015) , exhibiting warmer waters north of the equator and colder water in the south (color in Figure 1 a,b) . The observed cold water tongue, 5 which extends toward the equator is well represented in the simulated surface temperature. Cold waters are also present along the Peruvian coast in both observation and simulated dynamics, linked to the coastal upwelling induced by favorable alongshore winds (Chavez et al., 2008) . These upwelled cold waters can be also seen in the vertical temperature structure, with the onshore uplift of the isotherms (Figure 1 -e,f). Vertically, both simulated and observed temperature decrease with depth.
The oxygen distribution at 400 m depth presents oxygenated waters over the equatorial region (Figure 2 -a,b). Oxygen-poor 10 waters occupy the region south of about 4
• S and north of the equator in the simulation, in good agreement with the observed oxygen distribution (Czeschel et al., 2011 (Czeschel et al., , 2015 . Oxygen-poor waters are present from 50 m to 700 m depth (Figure 2 -c,d, Czeschel et al. (2011 -c,d, Czeschel et al. ( , 2015 ). The oxycline is shallow along the coast and deepens progressively toward the open ocean.
Interannual variability of simulated SST anomalies (black and red lines 
Mechanisms involved in the SWL changes
We now explore mechanisms that may explain the SWL changes under ENSO-driven variability. To this extent, we evaluate 
Conclusion
Observations recorded along the Peruvian and Chilean coast have shown strong water column oxygenation during 1997/1998
El Niño event. These findings have suggested an influence of ENSO variability on the vertical extent of the oxygen-poor waters (Sanchez et al., 1999; Hamersley et al., 2007; Graco et al., 2017) , with a reduction of the OMZ area off Peru and northern Chile by up to 61% (Helly and Levin, 2004) . Here, analysing large-scale and long-term simulated ocean dynamics under realistic 15 atmospheric forcing, we have added further insights into the influence of ENSO variability on OMZ dynamics in the ETSP.
Our analysis shows a deepening of oxycline and a shoaling of the upper boundary of the SW layer during El Niño events, as observed along the Peruvian and Chilean coast during the 1997/1998 strong El Niño event (Hamersley et al., 2007; Graco et al., 2017) . This SW response is a common feature for every El Niño phase simulated by our model during the period 1990-2010, regardless of their intensity. Our results further indicate a narrowing of the SWL under El Niño influence. These changes in
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SW dynamics are the consequences of the supply of equatorial, tropical and subtropical oxygenated waters from the lateral margins. The reduction of SW volume is triggered by the enhanced supply of oxygen via the subtropical pathway during the El Niño events. Contrarily, under La Niña influence, the SWL widens and its upper margin shoals, caused by a reduction of oxygen supply mainly from the subtropical gyre. As a consequence, the oxygen concentration within the SWL declines and the suboxic conditions intensify.
25
Dynamics along the interface between south Pacific subtropical gyre and OMZ appear to be crucial in the ventilation of the ETSP-OMZ. Understanding the variability in the subtropical gyre is essential to assess the variability of the ETSP OMZ.
Further, ENSO-driven fluctuations in oxygen consumption due to the switch between aerobic and anaerobic remineralization of organic matter might possibly trigger changes in water column nutrient budgets. Understanding and quantifying this feedback can be useful on quantification of nutrient budget of the ETSP. 
Code availability
CROCO and BioEBUs models are available at http://www.croco-ocean.org
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